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Brucella species are gram-negative, facultative intracellular bacteria that infect humans and animals. These
organisms can survive and replicate within a membrane-bound compartment inside professional and nonpro-
fessional phagocytic cells. Inhibition of phagosome-lysosome fusion has been proposed as a mechanism for
intracellular survival in both cell types. However, the molecular mechanisms and the microbial factors involved
are poorly understood. Smooth lipopolysaccharide (LPS) of Brucella has been reported to be an important
virulence factor, although its precise role in pathogenesis is not yet clear. In this study, we show that the LPS
O side chain is involved in inhibition of the early fusion between Brucella suis-containing phagosomes and
lysosomes in murine macrophages. In contrast, the phagosomes containing rough mutants, which fail to
express the O antigen, rapidly fuse with lysosomes. In addition, we show that rough mutants do not enter host
cells by using lipid rafts, contrary to smooth strains. Thus, we propose that the LPS O chain might be a major
factor that governs the early behavior of bacteria inside macrophages.

Brucella species are gram-negative, facultative intracellular
bacteria that infect humans and animals. These organisms can
survive and replicate within a membrane-bound compartment
inside professional (5, 14, 17, 28) and nonprofessional (9, 25,
26) phagocytic cells. Usually, phagosomes mature gradually
into phagolysosomes which are capable of degrading proteins
by lysosomal enzymes. In the case of Brucella, inhibition of
phagosome-lysosome fusion has been proposed as a mecha-
nism of intracellular survival of bacteria in both types of cells
(2, 12, 14, 17, 22, 25, 26). In nonprofessional phagocytic cells,
it has been found that virulent Brucella abortus escapes lyso-
somal fusion by invading endoplasmic reticulum-like structures
(9, 25, 26). In macrophages, this phenomenon is not observed
(2), although it has been shown that phagosomal membrane
modifications may be responsible for phagosome-lysosome fu-
sion inhibition (20). Another more recent hypothesis has been
proposed to explain fusion inhibition: Brucella spp. enter host
cells via lipid rafts (21, 36). This route of entry may determine
the intracellular fate of bacteria, as it involves an endocytic
pathway which avoids fusion with lysosomes (21, 36) and sug-
gests that fusion inhibition is restricted by the structure of the
phagosomal membrane (20). However, the cellular receptor
involved in bacterial uptake remains unknown. Similarly, a
bacterial ligand has to be identified. As the route of entry and
the phagosomal membrane appear essential in avoiding pha-
gosome-lysosome fusion, the receptor could be a virulence
factor present on the bacterial surface and therefore involved
in the fate of the bacteria. One of these surface molecules that
shares these properties is lipopolysaccharide (LPS), which is a
major component of the outer membrane of gram-negative

bacteria and has been reported to be an important virulence
factor of Brucella spp. (11, 18), although its precise role in
pathogenesis is not yet clear. LPS is composed of three do-
mains: the lipid A, the core oligosaccharide, and the O antigen
or O side chain. The presence of the O side chain in LPS
determines the smooth phenotype, it is absent from LPS found
in the rough phenotype. Generally, rough mutants are less
virulent than the wild type (29). Also, rough mutants are gen-
erally more sensitive to lysis mediated by complement, which
probably explains why most rough variants have an avirulent
phenotype in animal models. Some rough mutants of Brucella
spp. which fail to express the O antigen have recently been
identified and genetically characterized: transposon-derived B.
abortus rough mutants (one of them has a mutation in the gene
for phosphomannomutase) (1); a Brucella melitensis mutant,
designated B3B2, with a mutation in the perosamine syn-
thetase gene (13); a B. abortus mutant with a mutation in the
glycosyltranferase gene (19); and a B. abortus mutant with a
mutation in the phosphoglucomutase gene (pgm) (34). All of
these mutants are unable to survive in mice. To date, the
replication of rough mutants inside macrophages is not defin-
itively understood. There are some discrepancies in the anal-
ysis of the different studies published. For example, the pho-
phomannomutase mutants described by Allen et al. (1) exhibit
reduced intracellular survival at 12 h postinfection, the B3B2
mutant grows intracellularly at a rate similar to that of the
parental strain (13), and the pgm mutant, recently described by
Ugalde et al. (34), exhibits delayed intracellular replication in
comparison to the wild type. Three rough mutants of Brucella
suis have been also described as replicating poorly in cultured
macrophages (10). However, in all of these studies, rough
mutants were studied for their survival in mice or cells (1, 13,
34) or for their sensitivity to individual killing mechanisms such
as sensitivity to complement-mediated lysis (1) or polymyxin B

* Corresponding author. Mailing address: INSERM U-431, Univer-
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(1, 13, 34). They have never been studied for their intracellular
fate, in contrary to virB mutants (6, 7) and bvrR and bvrS
mutants (33).

In the present work, we analyzed interactions between dif-
ferent Brucella strain-containing phagosomes and lysosomes in
murine macrophages and, especially, we compared smooth and
rough strains to study the involvement of the O antigen in
fusion inhibition. In addition, we studied the involvement of
lipid rafts in the entry and short-term survival of rough mutants
in comparison to smooth mutants to determine the function
of the LPS O antigen. In smooth strains, the presence of the
O side chain is essential for the early inhibition of phago-
some-lysosome fusion, and contrary to smooth strains, rough
mutants, which lack the O antigen, do not enter host cells
via lipid rafts and rapidly undergo phagosome-lysosome fu-
sion.

MATERIALS AND METHODS

Reagents. N-Hydroxysuccinimidyl ester 5-(and-6)-carboxyfluorescein and
Texas red-dextran (TRD) (molecular weight of 70,000) were purchased from
Molecular Probes (Eugene, Oreg.). Filipin, �-methyl cyclodextrin, and cholera
toxin B subunit were obtained from Sigma-Aldrich (St. Quentin Fallavier,
France).

Cell culture. J774.A1 cells (from a murine macrophage-like cell line) were
grown in RPMI 1640 medium with glutamax I (Gibco/BRL) containing 10%
heat-inactivated fetal calf serum (complete medium) at 37°C and 5% CO2. Cells
were resuspended at a concentration of 2 � 105 cells/ml and cultured for 1 day
in 24-well plates on glass coverslips for microscopy.

Bacterial strains, culture, and preparation. Bacterial strains used throughout
the experiments are summarized in Table 1. Brucella canis, B. suis manB, B.
melitensis B3B2, and B. suis virB5 constitutively expressed green fluorescent
protein (GFP) and were prepared as described previously for B. suis 1330 p/sog
(16, 24). B. suis 18E10 and B. suis 20C2 were obtained by transposon mutagen-
esis. GFP was directly integrated on the genome, and the resulting fluorescent

B. suis was the acceptor strain for transposon Tn5 (15). Heat-killed B. suis was
labeled with fluorescein as described previously (27). Bacteria were grown in
tryptic soy broth (Difco Laboratories) at 37°C overnight to stationary phase.
Killed bacteria were obtained either by incubation at 65°C for 30 min or by
treatment at 37°C for 1 h with gentamicin (1.2 mg/ml). Smooth strains (B. suis
and B. suis virB5) were opsonized with polyclonal murine anti-Brucella antibodies
for 30 min at 37°C.

Lysosome labeling. Lysosomes were labeled by fluid-phase pinocytosis with 10
�g of TRD/ml, pulsed for 16 h, and chased for 1.5 h before infection with
bacteria.

Treatment of cells with drugs prior to infection. To investigate the role of
cholesterol- and glycosphingolipid-enriched microdomains, cells were incubated
at 37°C for 30 min in complete medium containing cholesterol-binding (filipin)
or -depleting (�-methyl cyclodextrin) molecules or with a ganglioside GM1-
binding molecule (cholera toxin B subunit) prior to infection. After treatment,
cells were washed once with phosphate-buffered saline (PBS). As a control, the
viability of the cells following treatment was assessed with dextran blue
staining. We also ensured that the viability of bacteria was not affected by
drug treatment.

Infection of cells. Cells were infected with Brucella at a multiplicity of infection
of 100 bacteria per cell for 45 min at 37°C. After three washes with PBS, cells
were reincubated in culture medium containing gentamicin at a concentration of
30 �g/ml for various times.

Phagosome-lysosome fusion measurement. Measurements were taken follow-
ing lysosomal labeling and infection. Cells were fixed for 20 min with 3% para-
formaldehyde and washed in PBS. Coverslips were mounted in Mowiol medium
and examined by confocal fluorescence microscopy with a Leica DM RB micro-
scope. Fusion was evaluated by the colocalization of both markers, GFP or
fluorescein and TRD. To determine the percentage of fusion, 100 to 200 bacteria
were analyzed for each strain at each time point. Results were calculated from
two independent experiments.

Phagocytosis measurement by fluorescence microscopy. Following treatment
with the relevant drug, infection with Brucella spp., and postinfection incubation
for 1 h, cells were fixed and washed twice in PBS. Then coverslips were mounted
in Mowiol medium and examined by classical fluorescence microscopy with an
inverted Leica DM IRB microscope.

Intracellular viability assay of Brucella in macrophages. Following infection
with Brucella spp. and postinfection incubation for various times, cells were
washed once with PBS and lysed in 0.2% Triton X-100. Bacterial counts (in
CFU) were determined by plating appropriate dilutions on tryptic soy agar and
incubating at 37°C for 3 days.

RESULTS

Association of B. suis- and latex bead-containing vacuoles
with the fluid-phase marker TRD. We evaluated interactions
between B. suis-containing vacuoles and lysosomes inside the
murine macrophage cell line J774 by confocal fluorescence
microscopy. Lysosomes were first labeled by fluid-phase pino-
cytosis of TRD and then infected with bacteria which consti-
tutively express a GFP or labeled with fluorescein. Cells were
fixed at different time points following infection and examined.
Fusion was evaluated by the colocalization of both markers. In
some cases, we observed a TRD ring around the internalized
particle, and in other cases, phagosomes were only partially
associated with TRD. We considered fusion to have occurred
in either case.

Association of TRD with phagosomes containing live, heat-

TABLE 1. Bacterial strains used in this study

Strain Relevant characteristic(s) Source or
reference(s)

B. suis 1330a Wild-type virulent strain ATCC 23444
B. suis p/soga Wild-type expressing GFP on a

plasmidb
14, 22

B. suis manBa manB mutant (phosphomano-
mutase) (rough)

9

B. melitensis B3B2 rfbE mutant (perosamine synthase)
(rough)

12

B. suis 18E10a wbdA mutant (manosyl transferase)
(rough)

15

B. suis 20C2a lpsA mutant (glycosyl transferase)
(rough)

15

B. suis virB5a virB5 mutant (type IV secretion)
(avirulent)

21, 15

B. canis RM6/66 Naturally rough strain ATCC 23365

a Strain is isogenic to ATCC 23444.
b Other GFP-expressing bacteria were obtained by transferring the GFP-con-

taining plasmid.

FIG. 1. Interaction of live or killed B. suis- and latex bead-containing phagosomes with lysosomes in murine macrophages. Lysosomes were
labeled with TRD. Live and gentamicin (Genta)-killed B. suis expressed GFP; heat-killed B. suis were labeled with fluorescein. Bacterium and latex
bead internalization was performed for 45 min. Cells were fixed at different time points after infection. (A) Confocal images of cells containing
live or heat- or gentamicin-killed B. suis or latex beads obtained at 1 h postinfection. (B) Percentage of phagosome-lysosome fusion at different
time points after infection. Fusion was evaluated by the colocalization of both markers, GFP or fluorescein and TRD. To determine the percentage
of fusion, 100 to 200 bacteria were analyzed at each time point. Results were calculated from two independent experiments. Values are given as
mean percentages of fusion � standard deviations.
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killed, and gentamicin-killed B. suis was observed at 1 h postin-
fection and compared to that of latex bead-containing vacuoles
(Fig. 1A). Then fusion was quantified at different time points
following infection (Fig. 1B). Live B. suis-containing phago-
somes never fused significantly with lysosomes. An insignifi-
cant level of colocalization was observed at all time points:
6.71% � 5.63% fusion at 1 h, 4.65% � 5.50% fusion at 5 h, and
3.48% � 2.24% fusion at 24 h. In contrast, latex bead-contain-
ing vacuoles were labeled very rapidly (100% fusion at 1 h), we
quantitatively observed a TRD ring around each bead. As
dextran is not degradable, we still observed the same ring 24 h
after internalization. Phagosomes containing heat-killed bac-
teria exhibited a more-complex pattern. Vacuoles were spar-
ingly associated with TRD at 1 h postinfection (20.65% �
18.63% fusion) and at 5 h postinfection (22.35% � 15.34%),
but at 24 h, fusion increased with a value of 42.36% � 13.35%.
Gentamicin-killed bacterium-containing vacuoles yielded sim-
ilar behavior in fusion events: 5 � 7.07 at 1 h, 12.75 � 16.41 at
5 h, and 71.87 � 6.25 at 24 h. Heat-killed and gentamicin-killed
bacteria clearly showed a fusion delay compared to latex
beads. We considered that some components of the bacte-
rial membrane, particularly LPS structure, were not modi-
fied by gentamicin treatment nor by heating, and therefore,
fusion delay may be correlated with its presence. To test this
hypothesis, we performed the same kind of analysis on rough
mutants.

Association of rough Brucella strain-containing phagosomes
with TRD. We decided to analyze phagosome-lysosome inter-
actions with rough mutants. We used B. suis manB (10), B.
melitensis B3B2 (13), B. suis 18E10, and B. suis 20C2 (15). We
also included B. canis because it is a naturally occurring rough
strain, although the exact nature of its mutation is still un-
known. There are some discrepancies in the literature about
interpretation of the capacity of the rough mutants to replicate
in macrophagic cell lines. However, it is generally admitted
that rough mutants develop poorly inside macrophages. For
instance, it has been reported that B. canis is able to survive but
not to multiply inside macrophages (5). B. melitensis B3B2
viability is similar to that of the parental strain in bovine mac-
rophages (13). The phophomannomutase mutants described
by Allen et al. (1) exhibit reduced intracellular survival at 12 h
postinfection. Growths of the B. suis rough mutants used in our
study (B. suis manB, B. suis 18E10, and B. suis 20C2) are shown
in Fig. 2. In murine macrophages, we observed a significant
uptake of rough organisms (1 or 2 log higher than that of
wild-type strain B. suis). Then we observed a rapid decrease in
viability (between 1 and 2 log) followed by a slow replication.
Simple comparison of the number of living rough Brucella
bacteria at the beginning and at the end of infection (48 h) led
to the conclusion that the bacteria did not replicate. However,
it was clear that after this drastic decrease, a slow increase was
evidenced by the growth curves. This result was confirmed by
microscopy experiments: while all the cells were infected by
rough bacteria at 1 h postinfection (100%), some bacteria
escaped to cell defense mechanisms and replicated in a small
number of cells (2.4%), as observed at 48 h postinfection (data
not shown).

Phagosome-lysosome fusion was studied and quantified at
different time points after infection as described for the
smooth strains. B. canis-containing phagosomes fused rapidly

with lysosomes: 69.95% � 19.18% fusion at 1 h and 97.50% �
3.57% at 5 h (Fig. 3). The 4 mutants led to an immediate and
very significant fusion between phagosomes and lysosomes: (i)
B. suis manB, 95.07% � 3.56% fusion at 1 h, 98.76% � 2.77%
at 5 h, and 97.73% � 2.00% at 24 h; (ii) B. melitensis B3B2,
91.33% � 7.71% at 1 h and 100% � 0% at 5 h; (iii) B. suis
18E10, 97.76% � 5.00% at 1 h and 97.72% � 4.55% at 5 h; (iv)
B. suis 20C2, 95.62% � 4.25% at 1 h and 100% � 0% at 5 h.
For these 4 mutants, all of the TRD rapidly colocalized around
the bacteria in the infected cells as observed by the very clear
TRD ring around the bacteria. In the absence of the LPS O
antigen, the phagosome-lysosome fusion was immediate and
complete. We conclude that the native LPS is essential for
early avoidance of fusion. The delay observed in the fusion
between heat-killed or gentamicin-killed B. suis with lysosomes
(Fig. 1B) may be due to the presence of an intact O antigen on
the bacterial membrane. On the other hand, despite the fusion,
the B. suis manB and heat-killed or gentamicin-killed B. suis
were resistant to degradation by the proteolytic enzymes and
the antimicrobial peptides present in lysosomes. At 24 h post-
infection, intact Brucella bacteria could still be observed, which
was in sharp contrast to Escherichia coli, which was rapidly
degraded in small bacterial fragments (data not shown). These
observations were in agreement with the resistance of the
outer membranes of Brucella spp. to bactericidal cationic pep-
tides observed in vitro (11, 18). Furthermore, it should also be
stated that the significant decrease observed with rough bac-
teria during the first hours postinfection was probably due to
the rapid phagosome-lysosome fusion.

Association of smooth avirulent Brucella mutant-containing
phagosomes with TRD. The rapid fusion between phagosomes
containing rough mutants and lysosomes suggests an essential
role for the O side chain in avoiding the lysosomal pathway.
However, it is clearly established that multiplication of Bru-
cella depends on many virulence genes coding for bacterial
proteins (3). Some of them have been shown to be involved
in Brucella trafficking inside the epithelial HeLa cells (6, 7,
33).

We chose to study the type IV secretion system, VirB, that
has been described for B. suis (23). The proteins encoded by
the VirB system are essential for survival and multiplication of
Brucella in macrophages. We used a B. suis virB5 mutant which
possesses a smooth LPS. Growth of this mutant is shown in Fig.
2B. The uptake and the decrease in viability during the first
hours postinfection were quite similar for both the mutant and
the wild-type strains, and then the viability of the mutant de-
creased rapidly. This would mean that the virB system was not
involved in the early steps of infection. Phagosome-lysosome
interactions were performed as before and quantified at dif-
ferent time points after infection. B. suis virB5 mutant-contain-
ing vacuoles were partly associated with TRD at 1 h postin-
fection (24.86% � 8.12% fusion) and at 5 h postinfection
(22.47% � 9.58%) (Fig. 4). We observed a rapid fusion for
some bacteria which was comparable to the one noted for
heat-killed and gentamicin-killed bacteria. We concluded that
the VirB system was not directly implicated in the early steps
of the vacuole formation. The intracellular fate of three virB
mutants of B. melitensis (virB2, virB4, and virB9) has been
examined in HeLa cells by immunofluorescence (7). The three
VirB proteins are not necessary for phagosome-lysosome fu-
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sion inhibition during the first hours postinfection. In agree-
ment with our observations, these results support our hypoth-
esis that the first determinant in fusion inhibition may be the
LPS O antigen, which is intact in the Brucella virB5 mutant.

Role of cholesterol and the ganglioside GM1 in entry of
B. suis manB in murine macrophages. The results described
above suggested that the LPS O side chain is an important
determinant of the fusion between phagosomes and lysosomes,
at least during the first hours postinfection. Two possible hy-
potheses can explain these results: either the O antigen is

involved in the dynamics of entry of the pathogen or, alterna-
tively, the O chain is used by Brucella to avoid fusion. Recent
studies from our laboratory have revealed that cholesterol and
the ganglioside GM1, two components of lipid rafts, may be
implicated in the entry of the smooth strain, B. suis, into mu-
rine macrophages (21), and the results have been confirmed
with B. abortus (36).

Hence, we investigated the role of lipid rafts in the entry
of the rough B. suis manB (10). The role of cholesterol- and
glycosphingolipid-enriched microdomains was studied by treat-

FIG. 2. Growth of B. suis (wild-type strain) and B. suis mutants in murine macrophages. (A) Rough mutants: B. suis manB (manB mutant), B.
suis 18E10 (wbdA mutant), and B. suis 20C2 (lpsA mutant). (B) VirB mutant: B. suis virB5 (virB5 mutant). Cells were infected, and at the indicated
times postinfection (p.i.), the number of intracellular bacteria was determined as described in Materials and Methods. The data points are the
means � standard deviations of two wells. These data sets are representative of at least two independent experiments with similar results.
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ing cells with cholesterol-binding (filipin) or -depleting (�-
methyl cyclodextrin) molecules or the ganglioside GM1-bind-
ing molecule (cholera toxin B subunit). One hundred percent
of the cells were infected in the absence as well as in the
presence of drugs for all of the tested concentrations of filipin
(2, 5, and 8 �g/ml), �-methyl cyclodextrin (2, 5, and 10 mM),
and cholera toxin B subunit (10, 20, and 40 �g/ml). Approxi-
mately 200 to 300 cells were examined for each condition, with
an average of 11.06 � 2.13 (mean � standard deviation) bac-
teria per cell, as observed by fluorescent microscopy. Phago-
cytosis of B. suis manB, in contrast to that of the smooth strain
B. suis (21) was clearly not affected by drug treatment and thus
did not involve lipid rafts.

Role of cholesterol and the ganglioside GM1 in short-term
survival of B. suis manB in murine macrophages. In a previous
work, a strong inhibition of short-term survival (1 h) of the
smooth B. suis strain was observed when cells were pretreated
with cholesterol-binding or -depleting molecules or with a gan-
glioside GM1-binding molecule (21). Therefore, we speculated
that bacteria must associate with lipid rafts to escape phago-
some-lysosome fusion and survive inside the cell. As rough
bacterium-containing phagosomes rapidly fused with lyso-
somes, we examined the effects of drugs on the short-term
survival of rough bacteria inside macrophages compared to
that of smooth bacteria. As previously described (21), pretreat-
ment with the drugs filipin (8 �g/ml), �-methyl cyclodextrin (10
mM), and cholera toxin B subunit (40 �g/ml) strongly inhibited
short-term intracellular survival of nonopsonized or opsonized
smooth B. suis (Fig. 5). In contrast, short-term survival of the
rough mutant B. suis manB was not affected after drug treat-
ment (Fig. 5) and thus did not involve lipid rafts. Moreover, we

observed above that B. suis manB-containing phagosomes
strongly fused with lysosomes. These results support the hy-
pothesis that lipid rafts may be implicated only in the entry of
smooth Brucella into host cells, through an endocytic pathway
that avoids fusion with lysosomes.

DISCUSSION

Our results have clearly shown that the LPS O chain, which
has long been recognized as a major virulence factor, is in-
volved in the avoidance of phagosome-lysosome fusion, at least
during the first few hours after phagocytosis. Phagosomes con-
taining live B. suis with a smooth LPS never fuse with lyso-
somes. Smooth strains of Brucella unable to replicate (i.e.,
killed B. suis or the avirulent mutant B. suis virB5) exhibit
delayed phagosome-lysosome fusion. Phagosomes containing
bacteria with rough LPS fuse very rapidly with lysosomes
(B. canis, B. suis manB, B. melitensis B3B2, B. suis 18E10,
and B. suis 20C2).

It was shown previously (21) that lipid rafts may provide a
portal for entry of the nonopsonized smooth strains of B. suis
into murine macrophages and that they are also implicated in
the short-term survival of nonopsonized and opsonized B. suis
(21). These observations were recently confirmed for B. abor-
tus (36). In the present work, we observed that entry and short-
term survival of the rough strain in murine macrophages did
not involve lipid rafts and that rough strains rapidly fused with
lysosomes, whereas smooth strains did not. This suggests that
the LPS O antigen might govern entry via the lipid rafts and
determine the genesis of phagosomes. We might suppose that
the LPS O chain may be involved in an interaction between
B. suis and the lipid rafts of the cell membrane, either directly
or, more likely, by an unknown receptor. For example, bacte-
rial LPS binds to CD14 in low-density domains of the mono-
cyte-macrophage plasma membrane, a characteristic of lipid
rafts (35). After vacuole formation, the interactions between B.
suis and the lipid rafts in the phagosomal membrane remained
strong enough to impair phagosome-lysosome fusion. There-
fore, these results support the hypothesis that lipid rafts may be
implicated in the entry of some microorganisms into host cells,
resulting in an endocytic pathway which avoids rapid fusion
with lysosomes (30, 31).

Taken together, these observations suggest that bacterial
entry by way of lipid rafts is essential for the maturation of the
nascent vacuole. It is known that following uptake, B. suis-
containing phagosomes rapidly become acidic (27). It has been
shown that subunits of the proton pump V-ATPase concen-
trate inside the raft structure (8). Thus, it is possible that the
association with lipid rafts is responsible for the rapid decrease
of pH. This early acidification is necessary for survival and
replication of the bacteria within the macrophage (27) and
particularly for the induction of virulence genes, such as virB,
in the phagosome at 3 to 4 h postinfection (4). Thus, the type
IV secretion system VirB (23) was not directly involved in the
early steps of vacuole formation but may be implicated in later
steps of maturation by an unknown mechanism. These results
did not appear consistent with the results of Watarai et al. (36)
with B. abortus, in which an obvious effect of virB mutations
was immediately observed during phagocytosis. But the virB
genes of B. abortus are expressed at the beginning of the

FIG. 3. Interaction of Brucella rough strain-containing phagosomes
with lysosomes in murine macrophages. Lysosomes were labeled with
TRD. Bacteria expressed GFP. Cells were infected for 45 min and
fixed at different time points after infection. (A) Confocal images of
cells containing B. canis, B. suis manB (manB mutant), B. melitensis
B3B2 (rfbE mutant), B. suis 18E10 (wbdA mutant), and B. suis 20C2
(lpsA mutant) obtained at 1 h postinfection. (B) Percentage of phago-
some-lysosome fusion for each strain at different time points after
infection. Fusion was evaluated by the colocalization of the both
markers, GFP and TRD. To determine the percentage of fusion, 100
to 200 bacteria were analyzed for each strain at each time point. Values
are given as mean percentages of fusion � standard deviations.
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stationary phase, outside the cell (32), and so are present at the
moment of infection. In contrast, in B. suis, VirB is not present
on the surface and is expressed only after acidification of the
phagosome (4). This can explain the significant difference ob-
served in the uptake of wild-type B. abortus and the B. abortus
VirB mutant.

We therefore suggest that the LPS O antigen of B. suis is
involved in virulence by impairing or delaying phagosome-
lysosome fusion and thus allows expression of genuine viru-
lence genes involved in building a definitive replication niche.
However, the presence of the LPS O antigen was not sufficient
to explain virulence since some strains, such as Brucella ovis
and B. canis, are rough and virulent, at least in their natural
hosts. In addition, some genetically defined rough mutants,
such as B. melitensis B3B2 (13), B. abortus pgm (34), B. suis
manB (10), and B. suis rough mutants in this study, exhibit late
and slow intracellular replication. Analysis of these results in
the literature are only apparently contradictory. These discrep-

ancies are mainly due to the definition of multiplication inside
the macrophage. For example, intracellular survival of the
phophomannomutase mutants described by Allen et al. (1),
studied at 12 h postinfection was reduced relative to that of the
parental smooth strain. Analysis of the results shows that in the
first hours following phagocytosis, the number of viable rough
bacteria is far less than immediately after internalization (see
reference 5 for B. canis, reference 13 for the B. melitensis rough
mutant, and this paper for B. suis rough mutants). It seems that
after 24 h some bacteria have had the opportunity to escape
killing and, due to activation of virulence genes, are able to
multiply inside the cell in their definitive niche. In animals,
rough mutants are always attenuated (see reference 1 for a
well-documented example).

In conclusion, this study clearly shows that the LPS O side
chain is involved in the route of B. suis uptake into murine
macrophages by targeting lipid rafts and results in nonfusion of
phagosomes and lysosomes during the first hours after infec-

FIG. 4. Interaction of smooth avirulent B. suis mutant-containing phagosomes with lysosomes in murine macrophages. Lysosomes were labeled
with TRD, and bacteria expressed GFP. Cells were infected for 45 min and fixed at different time points after infection. (A) Confocal images of
cells containing B. suis virB5 (virB5 mutant) obtained at 1 h postinfection. (B) Percentage of phagosome-lysosome fusion at different time points
after infection. Fusion was evaluated by the colocalization of both markers, GFP and TRD. To determine the percentage of fusion, 100 to 200
bacteria were analyzed for each strain at each time point. Values are given as mean percentages of fusion � standard deviations.
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tion. Thus, the LPS O antigen may be a major factor that
governs the early behavior of bacteria inside macrophages and
a major virulence determinant directly involved in the entry
and fate of B. suis in the macrophage host cell.
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